Abstract The occurrence of filamentous bacteria was investigated in 15 French pulp and paper activated sludge wastewater treatment plant (WWTP). Large filamentous populations were present in most of the plants. Identification carried out with conventional methods based on morphological features and staining techniques showed that the four main filamentous bacteria encountered in these industrial WWTP and responsible for bulking belong to the genera Thiothrix sp., Type 021N, Haliscomenobacter hydrossis and Type 0092. During two years a specific survey was performed for three of these WWTP showing recurrent bulking phenomena. Data from WWTP performance, chemical data and filaments characterization were compared to correlate the presence of specific filaments with process operating conditions.
Introduction
Activated sludge is the most widespread process for pulp and paper mill wastewater biological treatment in France (70%). Degradation of the quality of the effluent discharged is most often due to problems in separating the biomass from the treated water in the final clarifier. The bulking of sludge is usually caused by excessive growth of various filamentous bacteria, leading to poor settling of the sludge. Different types of filaments can develop sludgebulking, depending on the prevailing process conditions. If filamentous bulking of activated sludge in domestic plants has been extensively investigated, reliable information concerning the filamentous population in industrial wastewater treatment plants (WWTP) is still lacking. The objectives of this study were to evaluate the diversity of the filamentous microbial population in activated sludge WWTP associated with the pulp and paper industry and to identify the process operating conditions leading to recurrent bulking phenomena. For this purpose, filamentous species observed in 15 French pulp and paper activated sludge WWTP were identified by conventional methods and a specific survey was performed for three of these WWTP. Data from WWTP performance, chemical data and filaments characterization were compared to correlate the presence of specific filaments with process operating conditions. A summary of the results is presented in this paper.
Methods

Microscopic examination of activated sludge and filamentous bacteria identification
Activated sludge samples were obtained from 15 WWTPs of pulp, paper and board mills. Approximately 500 mL were collected from aeration basins, by CTP staff or by treatment plant attendants, in which case samples were shipped by express mail and stored at 4°C before examination.
Activated sludge mixed liquor samples were examined microscopically (magnification, ×100 to ×1,000) with the aid of a Zeiss Axioscop2 within 48 h of arrival at the laboratory. Wet mounts were examined to observe protozoa and determine the abundance of filamentous bacteria and floc structures. Types of filamentous bacteria were observed by microscopic examination of mixed liquor specimens prepared as wet mounts or stained slides and identified on the basis of morphological features in accordance with the key and methods developed by Jenkins (Jenkins et al., 1993) and based on the filamentous organism identification key given by Eikelboom and Van Buijsen (1981) . Sulphur deposit test, Indian ink reverse, Gram, Neisser, Crystal Violet sheath and polyhydroxybutyrate (PHB) stains were used to characterise the filamentous bacteria. Features assessed for distinguishing the filamentous species from each other were the shape and the length of the filaments, their motility, branching presence, attached growth of other bacteria to the filaments, presence or absence of a sheath, granules of stored compounds, sulphur granules in particular, inside the cells, Gram stain and Neisser stain. The Filament Index (FI) was used for recording the abundance of filamentous populations with a scale ranging from 0 (filaments absent) to 6 (excessive numbers of filaments).
Fluorescent In Situ Hybridisation (FISH) was also performed on some activated sludge mixed liquor samples in order to confirm the identification of filamentous bacteria belonging to the genus Thiothrix. The TNI DNA probe detecting the members of the group Thiothrix nivea was used (Wagner et al., 1994) . The samples were fixed by adding equal volume of ethanol and stored in a freezer. Fixed samples were applied on adhesive treated diagnostic slides, air-dried, and dehydrated in a series of aqueous ethanol (50-80-100%). The hybridisation was performed according to procedures adapted from Manz et al. (1992) .
Chemical analysis of the sulphur compounds
A method for chemical analysis of sulphur compounds in effluent samples (sulphates, sulphide, total sulphur) was tested by the CTP, based on test tube assays (WTW, Hack, Dr Lange), or ion exchange chromatography. Samples were stabilised with Na borate pH 10.5 to avoid sulphide stripping, and Na acetate to stop sulphate reducing activities. For soluble sulphate or sulphide measurement, samples with high turbidity were settled by 30 minutes of centrifugation. Blank reading was previously performed before reagent addition to the sample. Results were calculated by subtracting blank reading from the measurements. The occurrence of filamentous bacteria was surveyed during 2000 and 2001 among 15 French pulp, paper and board mills WWTP. During that period, all mills except one had experienced problems of filamentous bulking, established by the increased sludge volume index (SVI >200 cm 3 /g), and filamentous indexes superior to 3. The identification of the filamentous species associated with the bulking was performed by CTP on a total of 25 activated sludge samples from 10 different mills. Only 15 samples could be clearly associated with filamentous bulking (excessive growth of filamentous bacteria). The main bacteria genera identified are described in Table 1 . From these results, it appears that the filamentous bacteria mainly responsible for bulking events in pulp and paper WWTP belong to the genera Thiothrix sp., Type 021N, Haliscomenobacter hydrossis and Type 0092. The other species encountered were identified as N. limicola, Type 0041 and Type 0803. Microthrix, Nocardia sp, type 1701 and type 0675 were also identified occasionally by the wastewater treatment plant operators. Identifications were performed with conventional methods based on morphological features and the results of several staining techniques (Jenkins et al., 1993; Eikelboom and van Buijsen, 1981) . It is known that these characteristics may vary and that same bacteria could have different "morphotypes". Recent work performed by Eikelboom and Geurkink (2002) showed that a large number of "new" filamentous species were encountered in industrial WWTP and the authors still don't know if they are new morphotypes of species previously known. Nevertheless, our results are consistent with those obtained in other countries. Species that are more likely to cause settlement problems in the pulp and paper industry were investigated in three other surveys in North America (Richard, 1997) , Germany (Schmid et al., 1996) and UK (Thompson et al., 2001 In the present survey, among 25 bulking cases investigated, the origin of the bulking was attributed for 10 cases to hydraulic of COD overloads, for 8 cases to deficient aeration, and for 5 cases to nutrient deficiency. Increased temperature (> 30°C) or possible toxic stress were also presumed to play a role in the filamentous bacteria proliferation. The identification of bacteria species was particularly helpful for the diagnosis of certain disrupting conditions. For instance, low oxygen concentration and completely mixed aeration basin were suspected with the presence of H. hydrossis, which may be associated to low-DO bulking (Jenkins et al., 1993) and nutrient deficiencies were identified in association with Type 021N and Thiothrix sp. excessive growth. In most of the cases, Thiothrix sp. observed in pulp and paper activated sludges were harbouring sulphur granules. Surprisingly, the presence of sulphur compounds in the effluent was associated only once with filamentous bulking, whereas this element is frequently described in the literature to favour the proliferation of Thiothrix species.
Results and discussion
Sludge bulking observed in the different mills led to the overflow of suspended solids (TSS) above the legal limit only in 7 cases. In the other cases, different strategies were applied to cure or to limit the consequences of the bulking. Immediate actions were: a) increase of sludge recirculation in aerated basin, b) flow rate reduction (when possible). Short-term actions consisted in controlled NaClO treatment of the activated sludge or the addition of settling aids (polymers, talc, etc.). Long-term actions were: increase of aeration capacities, readjustment of nutriment addition, readjustment of sludge extraction, and addition of FeSO 4 . These strategies were successful in 50% of the mills. The over-cost related to the control of filamentous bulking was estimated between 0.5 and 1.5 €/m 3 /day.
Examination of WWTP operating conditions -case studies
The best approach for preventing the growth of excessive levels of filamentous organisms in activated sludge and ensuring long term operation free from sludge settling problems is through appropriate design and operation methods. However, operating conditions (hydraulic and organic loading) of WWTP have been evolving since their installation, due to modification of mills' production capacity and process management, and many activated sludge plants are now facing various troubles, such as suspended solids separation problems. Diverse approaches to correct these existing problems have been experienced on mill sites, but intensive investigation of WWTP operating conditions is required. The method developed for the diagnosis of the filamentous bulking made it possible to follow-up the development of the filamentous bacteria in activated sludge of each waste water treatment plant, with a sludge sample sent monthly by the paper mills. On the basis of a detailed analysis plan developed by the CTP, a comparative study of the operating conditions and problems of bulking observed in three of the mills make it possible to connect the presence of the various filamentous bacteria species to particular factors. Data related to operation of each wastewater treatment plant since year 2000 were addressed by three WWTP and analysed to seek possible causes of dysfunction. For these three mills, microscopic examinations of activated sludge mixed liquor and identification of filamentous species were performed monthly from March 2002 to March 2003.
Mill A produces newsprint from deinked pulp and thermo-mechanical pulp. Mill B produces newsprint and printing paper from deinked pulp only. Mill C produces coated printing paper from market chemical pulp and mechanical pulp. The three WWTPs operate in different loading rates (low loading rate for mill A, to medium loading rate for mill B). Aeration capacities and nutrient input were slightly deficient in mills B and C, but have been correctly adjusted. a) Mill A. Mill A WWTP consists of one unique primary settler, and two aeration basins treating the same effluent in parallel (50% each). Each aeration basin treat has its own clarifier, so the biological sludge does not exchange or communicate. These two aeration basins operate in low organic loading rate (OLR) and long aeration time, with a hydraulic residence time around 48 hours. The initial COD concentration (soluble) in effluent is around 1,200 mg/L. The sulphate concentration is around 400 mg/L. This mill had experienced important bulking phenomena during the last years, more specifically in the second activated sludge with Mohlman index (SVI) above 300 cm 3 /g, and FI reaching sometimes 6 (Figure 1 ). The filamentous bacterium responsible for this sludge bulking was identified by CTP as Thiothrix sp. (Figure 2 ). The genus Thiothrix encompasses several morphologically and phylogenetically distinct groups. FISH experiments performed with the TNI probe, specific for Thiothrix nivea, suggested that filamentous bacteria observed in this WWTP belong to this species. From 2001 to 2003, Thiothrix has remained the main filament present in the second aeration basin with FI comprised between 4 and 6 until September 2002. The Thiothrix bacterium was also present in the first aeration tank, in association with the type 021N, but in this case did not lead to bulking phenomena (FI between 1 and 4). In situ sulphur granules were observed in Thiothrix filaments in both activated sludges. In the first activated sludge, one other filamentous species was identified during the summer 2002, with morphological characteristics similar to type 0092 but in October 2002, Thiothrix became again predominant.
Since the two aeration basins treat the same effluent, the geometry of basin and its secondary clarifier is expected to play a dominant role. The first aeration basin is fully mixed and aerated with surface aeration blower. The second aeration basin is composed of 5 successive compartments creating a concentration gradient, and is aerated by compressed air injection. Mixed liquor from clarifier 2 is recycled to basin 2 in the first compartment, which operates as a contacting zone with higher F/M ratio, but also in the 3rd compartment. Problems of sulphate reduction in secondary clarifiers were investigated: sulphate and sulphide concentrations were analysed in different points of the WWTP (Table 2) , and the Oxidation Reduction Potential (ORP) was measured in the recycled mixed liquor to the aeration basin. Sulphide concentration in the recycled mixed liquor was below 0.2 mg/L and ORP rarely decreased below -150 mV. No clear difference was found between the two treatment lines. However, the sulphide concentration and the ORP in the thickener overflow recycled in the primary settler clearly indicate sulphate-reducing activity. The particular mixed liquor mixing and recycling conditions, associated with high sulphur compounds concentrations, thus seem to favour Thiothrix proliferation in the second aeration basin.
Since sulphides are known to favour the growth of Thiothrix bacteria, a strategy was applied from the beginning of July 2002 in order to neutralise sulphides present in effluent before the WWTP. This strategy consisted in measuring the ORP of process water tank overflows after any production stop generating long residence time, and adding FeSO 4 in the individual effluent when the ORP was below -100 mV. This strategy revealed successful and sludge bulking decreased significantly from July 2002 and disappeared after September 2002. Thiothrix was still present in the mixed liquor samples analysed after this date, but FI remained between 2 and 3. However, sulphides are still present in the overflow of the sludge thickener, and the risk of Thiothrix growth still exists. To prevent future bulking episodes, the recycling of mixed liquor in the second aeration basin should be probably modified.
b) Mill B. Mill B WWTP consists of a primary settler, a circular aeration basin (8,000 m 3 ), and a secondary clarifier. This mill has been confronted for many years by recurring episodes of sludge bulking, due to various reasons such as hydraulic loading variation, nutrient deficiency and oxygen limitation. This sludge bulking became particularly acute from the beginning of 2001, with Mohlman index above 200 or 300 cm 3 /g (Figure 3 ). The Filaments identified as "Nostocoida limicola" II but characterised by variability in Gram and Neisser staining and Type 0803 were already observed in industrial WWTP (Eikelboom and Geurkink, 2002) . Previous studies have shown that the identification of N. limicola-like micro organisms remains a difficult task and their phylogeny is not well identified (Snaidr et al., 2002) . These filamentous bacteria are generally present in completely mixed, uniformly aerated, continuously fed aeration basin, and favoured by soluble, readily metabolisable substrate. However, uniformly aerated conditions do not prevail in this aeration basin, since dissolved oxygen was measured between 0.2 and 0.5 at the entrance of the basin, between 2 and 5 mg/L in the middle, and between 0.5 and 3.0 mg/L at the exit. A clear oxygen consumption gradient is observed in this basin. Oxygen supply was found to be seriously limited when peaks of organic loading occurred. For this reason, two additional compressed air injectors were installed in the first part of the basin, and power supply regulators were installed on each surface air blower. These equipments allow a more E. Fourest et al. 34 precise regulation of oxygen supply and led to a slight decrease of the filamentous bulking. A bulking involving this filament was still observed in September 2002 with a FI at 6, and had to be controlled by NaClO addition. Investigations are still in progress to establish possible links between filamentous bulking and process water management related with paper production of this mill.
c) Mill C. Mill C WWTP consists of a primary settler, a perfectly mixed aerated tank (4,000 m 3 ), and a secondary clarifier. There is no contacting zone in this aerated tank. The aeration is performed by a system of submerged membranes, providing about 80,000 Nm 3 of air per day, assisted with a Ventoxal ® system (Air Liquide), injecting around 4,000 Nm 3 of pure oxygen per day. This WWTP operates in medium load conditions (F/V = 0.91 kg BOD 5 /m 3 /d; F/M = 0.32 kg BOD 5 /kg MLSS/d). All other parameters were checked and are in agreement with these operating conditions (aeration capacity, nutriments addition, sludge production). The amount of COD to be treated (around 5,000 kg/d) is relatively stable. However, the hydraulic residence time in the aeration tank is high (18 to 21 hours), and might lead to a chronic deficit in organic substrate (biodegradation time much below the hydraulic residence time). Consecutively, the COD treatment ratio is above 90%.
The sludge settling properties of this WWTP were affected during previous years by many episodes of filamentous bulking, with a Sludge Volume Index largely exceeding 200 cm 3 /g ( Figure 5 ) and filamentous indexes reaching 5. Microbiological identifications carried out in 2001 by CTP on activated sludge mixed liquor samples showed that this bulking was associated with Haliscomenobacter hydrossis as majority species. This bacterium shows thin straight filaments, inside or protruding from the flocs. Several solutions were tested to try to control this phenomenon. In particular and successively: a) installation of a pure oxygen injection system (year 2000); b) addition of talc as settling aid; c) addition of exogenic bacteria (end of year 2001, and beginning of year 2002). These tests appeared unfruitful.
In 2002, the filamentous spectrum in the aerated tank of this mill has moved to the Eikelboom morphological type 1851. From March 2002 to December 2002, Filamentous Indexes were around 4-5. Since January 2003, a decrease of the filaments abundance has been observed with FI at 3. Except a study on the phylogeny of the type 1851 (Beer et al., 2002) , very little work has been performed on Type 1851 bacteria which seem to belong to the phylum "Chloroflexi", class "Chloroflexi" previously called the green non-sulphur bacteria. The incidence and importance of this bacterium in activated sludge samples is not known. The occurrence conditions of Haliscomenobacter hydrossis and type 1851 seem to be similar: their growth is generally observed in well-aerated and perfectly agitated basins (not of zone of contact), in the presence of rapidly assimilated carbonaceous substrates (Jenkins et al., 1993) .
Since February 2002, the control of the filamentous bulking has been carried out successfully on the basis of daily microscopic observations, by an early NaClO injection at the level of sludge recirculation in the aeration tank. These injections must be carried out regularly to be effective, but allow a good control of the operation of the station. In parallel, injections of unsettled effluent were carried out regularly between January 15 and June 15, 2002, to increase the load of the aeration tank and to bring mineral matters in the activated sludge. This practice could also contribute to limit the episodes of filamentous expansion, but in a marginal way. The preventive treatment of sludge by NaClO currently constitutes the only really effective curative solution to control the filamentous bulking of this WWTP.
Conclusion
From our knowledge, this is the first French survey of filamentous species encountered in 15 wastewater treatment plants treating pulp and paper mills effluents. From our results, it appears that filamentous bacteria mainly responsible for bulking events in French pulp and paper WWTP belong to the genera Thiothrix sp., Type 021N, H. hydrossis and Type 0092. The other species encountered were identified as N. limicola, Type 0041 and Type 0803. Although identification has been performed with conventional methods based mainly on morphological features, these results are consistent with those obtained for pulp and paper mills WWTP in Germany, North America and UK. The identification of filamentous bacteria species was particularly helpful for the diagnosis of certain disrupting conditions.
A specific survey of three French WWTP has shown that filamentous bulking is often caused by multiple factors, related with the hydraulic and the chemistry of the treated effluent, but also the configuration of the activated sludge WWTP. The conditions of mixed liquor aeration, mixing and recirculation are linked to the initial treatment plant design, and are particularly difficult to modify when the organic loading rate is changed. With the continuous reduction of specific water discharge (m 3 /ton of paper produced), the COD concentration of paper mills effluent is increasing and WWTP tend to operate in medium organic loading, but long residence time. This tendency is probably involved in the proliferation of particular filamentous bacteria growing under limiting organic supply conditions. Further work is in progress to clarify the effect of process water chemistry and microbiology on the filamentous bulking in WWTP, and to provide solutions to effluent treatment managers.
